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A trial fibrillation (AF) is common after CABG, with development in up to one third of patients within the first 4 to 5 postoperative days. 1, 2 Furthermore, its incidence is increasing as the age of patients undergoing CABG rises. 3 The development of AF is associated with an increased incidence of postoperative complications, prolonged intensive care unit (ICU) and hospital stay, with an additional cost to the patients care estimated at $1600 to $10 000. 1, 2 Prophylactic drug treatment to prevent AF after CABG has had limited efficacy, is contraindicated in many patients, and requires discontinuation in others because of side effects. [4] [5] [6] [7] Therefore, alternative nonpharmacological strategies are required.
Biatrial pacing is a technique of simultaneous activation of the right atrium and left atrium. It has been reported to prevent the recurrence of AF in paced patients with marked intra-atrial conduction delay. 8 In patients undergoing bypass surgery, the baseline occurrence of intra-atrial conduction delay has been associated with an increased incidence of AF after CABG. 9, 10 Therefore, it may be postulated that preexistent intra-atrial conduction delay can precipitate the onset of AF in vulnerable patients and that biatrial pacing may be effective in its prevention.
The aim of our randomized controlled study was to further investigate the role of biatrial pacing in the prevention of AF after CABG.
Methods

Patient Population
Between May 1998 to May 1999, all patients under the care of a single surgeon at our institution were screened for participation in this study. Inclusion criteria were first isolated CABG requiring cardiopulmonary bypass, age Ͼ18 years, sinus rhythm before surgery, and written informed consent. Exclusion criteria were implantation of a permanent pacemaker, permanent atrial fibrillation, and other planned concurrent surgical procedure. Of 146 suitable patients, 144 consented, with 130 included (89%). Fourteen patients (9.7% of those consenting) were excluded because severe aortic calcification prevented safe placement of left atrial pacing leads. Baseline characteristics were matched in the biatrial and control groups ( Table 1 ). The local ethics committee approved the study.
Study Protocol
All patients underwent isolated CABG with the standard techniques used at our institution (details of surgical procedure, Table 1 ). Before surgery, Ϸ60% of patients were taking ␤-blockers. These were withdrawn in all patients at the time of surgery and for the duration of the study, in keeping with our local policy. During surgery, all patients had temporary atrial epicardial pacing leads placed at both the lateral wall of the right atrium and the roof of the left atrium at Bachmann's bundle. Pacing leads used were either 4 unipolar leads (nϭ98, Medtronic 6500/6491, 2 at each atrial site) or 2 bipolar leads (nϭ32, Medtronic 6495, 1 at each atrial site) to allow separate bipolar pacing and sensing at each atrial site.
After surgery on the ICU, the temporary atrial leads were connected and screwed to a pacing Y-adapter (Osypka GmbH) through their pin electrodes within 6 hours. Two unipolar leads (1 pin electrode per lead) were required from each atrial site to connect to the anodal and cathodal ports of the Y-adapter, whereas only 1 bipolar lead was required (2 pin electrodes per lead). The Y-adapter was connected to the atrial port of a permanent pacemaker (Chorum ELA Medical) that acted as a temporary external pacemaker. This connection allowed bipolar sensing and pacing threshold to be performed individually at each site, with baseline measurements recorded by use of the pacemaker. Alternatively, connection of 2 electrode pins (1 from each atrial site) to each Y-adapter port gave biatrial pacing and sensing. The ventricular port was not connected routinely.
Patients remained connected to the pacemaker for 4 days and were randomized to 1 of 2 pacing programs: (1) DDD with base rate of 30 bpm, the lowest programmable rate (control group). Pacing would only occur at sinus rates Ͻ30 bpm. (2) DDD with base rate of 80 bpm with activation of an atrial-resynchronized algorithm to produce biatrial pacing. With sinus rates Ͻ80 bpm, simultaneous pacing occurred at both atrial sites. For sinus rates Ͼ80 bpm, the atrialresynchronized algorithm (developed by ELA medical) ensured biatrial pacing. It works by sensing from either lead and causing near immediate pacing (3-ms delay) of both leads when atrial activity is detected. In practice, the site where atrial activity is sensed first leads to triggered pacing into the refractory period at this site but to earlier activation at the other atrial site compared with normal intrinsic conduction.
Atrial sensitivity (0.4 mV) and pacing output were programmed to their maximum (5 V at 0.98 ms). After connection and programming, the pacemaker was placed in a small bag that was either pinned to the patient's clothing or adhered to the skin. It required no monitoring until 4 days after CABG, when sensing and pacing thresholds were reevaluated. At this stage, the pacemaker was removed and interrogated to determine if AF had occurred, and pacing leads were extracted.
The pacemaker acted as our Holter monitor. It is able to detect episodes of AF by responding to nonphysiological atrial acceleration, which has been validated elsewhere. 11 The pacemaker records the number of mode switching episodes (atrial arrhythmic events), the total duration of all episodes, and the duration of the last 8 episodes with time of onset. Stored intracardiac electrograms of the last 8 episodes allow confirmation of arrhythmia type ( Figure 1 ).
Temporary bradycardic pacing was performed in the control group as required with pacing leads from one atrial site, whereas the other site was connected to the Chorum pacemaker. In the biatrial group, pacing-dependent patients relied on the Chorum pacemaker for pacing. Checks were done every 24 hours until patients were pacing independent or until day 4, when they were transferred to a conventional external pacemaker. In complete heart block, patients could have ventricular pacing only or alternatively, DDD pacing by a further Y-adapter placed in the Chorum.
Patients and the surgical team involved in postoperative care were blinded to treatment. Furthermore, this independent surgical team, which was not involved directly with the study, undertook all post-CABG treatment decisions and documentation of postoperative complications into a surgical database. This database was used for our secondary outcomes.
Primary Outcome
The primary outcome was an episode of AF lasting Ͼ1 hour detected from the pacemaker Holter. 
Secondary Outcomes
Secondary outcomes were clinical episodes of AF (any length) recorded by the surgical team in the first 4 days while connected to the pacemaker and subsequently until discharge; duration of ICU and hospital stay; complications; and pacing lead performance.
Statistical Analysis
Data were analyzed on the basis of intention to treat. 
Results
Primary Outcome
Incidence of AF lasting Ͼ1 hour was 13.8% (9 of 65 patients) in the biatrial group compared with 38.5% (25 of 65) in the control group (Pϭ0.001, relative reduction 64%, absolute 24.7%). The Kaplan-Meier ( Figure 2 ) of percentage patients remaining in sinus rhythm showed a significant difference (Pϭ0.001). Mean duration of AF was not significantly 
Secondary Outcomes
Clinical AF Incidence of clinical AF while connected to the pacemaker was 10.8% (7 of 65) in the biatrial group compared with 32.3% (21 of 65) in the control group (Pϭ0.003, relative reduction 67%, absolute 21.5%). Only 1 clinical episode (54 minutes) was not a primary end point, which occurred in a patient from the biatrial group. There was only 1 further episode of clinical AF after pacemaker disconnection that occurred in the control group (day 9). Therefore, before discharge, clinical AF occurred in 10.8% (7 of 65) of the biatrial group compared with 33.8% (22 of 65) of the control group (Pϭ0.002, relative reduction 68%, absolute 23%).
Incidence of any AF (primary and secondary) was 15.4% (10 of 65) in the biatrial group compared with 40% (26 of 65) in the control group (Pϭ0.001, relative reduction 61.5%, absolute 24.6%).
AF was managed by antiarrhythmic medication (intravenous amiodarone) in 6% (4 of 65) in the biatrial group compared with 20% (13 of 65) in the control group (Pϭ0.03). In addition, 1 of these patients (1.5%) from each group also required DC cardioversion. A further patient (1.5%) in each group was treated with oral digoxin. At hospital discharge, 4.5% (3 of 65) in the biatrial group and 18.5% (12 of 65) in the control group were taking oral amiodarone (Pϭ0.01).
ICU Stay
The mean and median ICU stay in the biatrial group was 80Ϯ329 hours and 19 hours, respectively, compared with 68Ϯ185 hours and 24 hours in the control group (PϭNS for mean and median).
In the control group, those with AF (nϭ26) spent longer in the ICU compared with those remaining in sinus rhythm (SR) (mean 131Ϯ280 versus 27Ϯ41 hours, Pϭ0.001, median 36 versus 19 hours, Pϭ0.0001). There was no such difference in the biatrial group (AF, nϭ10; SR, nϭ55; mean 50Ϯ100 versus 86Ϯ355 hours, PϭNS, median 21 versus 19 hours, PϭNS).
Hospital Stay
The mean and median hospital stay in the biatrial group was 7.7Ϯ6.9 days and 6 days, respectively, compared with 9.7Ϯ10 days and 7 days in the control group (PϭNS for mean and median). In the control group, those with AF spent longer in the hospital compared with those remaining in SR (mean 13Ϯ14 versus 7.5Ϯ5.3, Pϭ0.03, median 7 versus 6 days, Pϭ0.05).
There was no such difference in the biatrial group (mean 10Ϯ12 versus 7.2Ϯ5.5 days, PϭNS, median 7 versus 6 days, PϭNS).
Complications
There were no serious complications related to pacemaker use or implantation and extraction of the pacemaker leads. No patient in the biatrial group had to have pacing discontinued. Temporary pacing was required in the control group in 11 patients (18.5%; 24 hours nϭ10; sinus bradycardia nϭ9; complete heart block nϭ1; 4 days: nϭ1, sinus arrest). One patient (1.5%) died in the biatrial group (78-year-old man after 10 days, perioperative stroke) compared with 2 (3%) in the control group (76-year-old woman after 30 days, perioperative stroke, and 78-year-old man after 6 days, perioperative myocardial infarction) (PϭNS). Other complications are shown in Table 2 . Overall, there were significantly fewer complications in the biatrial group compared with the control group (13 versus 35 complications, Pϭ0.001). Proportionately more complications occurred in those with AF compared with those maintaining SR (48 complications in total, 31 [65%] occurred in the 36 patients [28%] in whom AF developed, PϽ0.0001).
Lead Performance
Lead failure defined as either loss of atrial sensing and/or pacing capture at either site by day 4 occurred in 26 patients (20%, right Also shown for both groups are complications occurring in those who had AF and those who remained in SR. atrium nϭ13, left atrium nϭ13). These were caused by loss of atrial sensing at 1 site in 14 patients (10.8%, right atrium nϭ8, left atrium nϭ6). This was combined with loss of capture at the same site in 6 patients. No patient had failure to sense at both sites. There was a further isolated failure of atrial capture in 12 patients (9.2%, right atrium nϭ5, left atrium nϭ7). Leads used were unipolar in 22 patients (22 of 98, 22.5%) and bipolar in 4 (4 of 32, 12.5%, PϭNS). Failure related to experience of the implanting surgeon, with rates varying from 4% (3 of 70) to 40% (4 of 10, PϽ0.05).
Lead failure occurred in 12 patients from the biatrial group compared with 14 from the control group (PϭNS). The primary end point in the biatrial group was significantly increased in those with lead failure 25% (3 of 12) compared with those without (11%, 6 of 53, Pϭ0.04). This was not observed in the control group (lead failure 36% [5 of 14] versus no lead failure 39% [20 of 51], PϭNS).
Discussion
We showed that 4 days of biatrial pacing significantly reduces the incidence of both monitored and clinical episodes of AF after isolated CABG surgery. There were fewer post-CABG complications in the biatrial group and a significant reduction in the use of both inpatient and outpatient antiarrhythmic treatment with amiodarone. A trend toward reduced ICU and hospital stay was also identified.
Our study was underpowered to evaluate ICU or hospital stay, being primarily designed to test for reduction in monitored AF. However, consistent with previous studies, 1-3 we demonstrated that the development of AF within our control group was associated with prolonged ICU and hospital stay, suggesting that a larger study may demonstrate significant reductions in these end points with biatrial pacing.
Four days of pacing was chosen because the majority of AF episodes occur within this time period. 12 After pacemaker disconnection, there were no new clinical AF episodes in the biatrial group, suggesting that biatrial pacing prevented the development of AF rather than delayed its occurrence. Further advantages of the technique include its applicability to the majority of patients undergoing isolated CABG and that patients could be rehabilitated normally as pacemaker monitoring was not required.
Biatrial pacing was achieved with a permanent pacemaker (Chorum ELA Medical) containing a specific triggered algorithm acting as a temporary external device. It was possible that triggered pacing may have occasionally occurred after normal intrinsic conduction, thus causing pacing into the refractory period. To limit this, our site for left atrial pacing was chosen at Bachmann's bundle because it is an area of potential conduction block. Furthermore, this site may be involved in AF initiation, and pacing at this site has antifibrillatory properties. 13 It is also a relatively accessible site where leads can be placed at the end of surgery off bypass by retracting the aorta, except in Ϸ10% of patients with severe aortic calcification, in whom retraction is potentially dangerous. We had no serious complications related to either placement or extraction at this site or any diaphragmatic pacing.
The efficacy of our technique was reduced if lead failure occurred, implying that biatrial pacing was not achieved for the entire 4-day period. Failure rate was kept limited by careful surgical technique while placing the leads and the use of high-quality temporary epicardial pacing leads and a pacemaker with good atrial sensing capabilities (0.4 mV). Despite this, we still had a failure rate of 20%. However, in no case did we have sensing failure at both sites, which causes asynchronous pacing that is proarrhythmic. 14 This is the first published randomized study on biatrial pacing to prevent AF after CABG. The only other report is a pilot study of 61 patients comparing 3 treatment options of either biatrial, right atrial, or no pacing. This showed no significant difference between any of these treatments on the incidence of AF after CABG. 15 This study was underpowered but did suggest a positive interaction between ␤-blocker use combined with biatrial pacing in preventing AF. ␤-Blockers were stopped in our patients. The site of left atrial pacing also differed from our study. It was at the left posterior aspect of the left atrium, which led to diaphragmatic pacing in a proportion of patients requiring pacing discontinuation.
The mechanism for AF development after CABG is unclear but must involve proarrhythmic electrophysiological changes in the atrium, including slowing in conduction velocity and or shortening of the refractory period. Possible culprits include sterile pericarditis, which develops with a time course similar to the occurrence of AF and causes slowing in conduction velocity. 16 Baseline measurements indicative of slow atrial conduction such as prolonged P-wave duration on the surface electrogram, intra-atrial conduction delay at electrophysiological studies, and prolonged signal-averaged P-wave duration are all predisposing factors for AF development after CABG. 9, 10, 17 A role for atrial ischemia has also been postulated as a further mechanism of AF through increased dispersion of refractoriness. 18 Finally, increased sympathetic activation causing shortening of atrial refractory periods may be important. 19 The initial report of an antiarrhythmic effect from biatrial pacing was from a prospective study in patients with atrial arrhythmias requiring permanent pacemakers for conventional indications. 8 However, the antifibrillatory mechanisms of biatrial pacing have mainly been investigated with temporary pacing leads placed either within the coronary sinus or at the ostium, combined with a high right atrial lead. These studies have shown that biatrial pacing in response to extrastimuli from the high right atrium increases atrial conduction velocity, preventing areas of conduction block needed to initiate AF, prolonging the refractory period, and improves the recovery of excitable tissue, thus having an antifibrillatory role. 20, 21 
Study Limitations
Our study was underpowered to assess ICU and hospital stay. We also excluded patients requiring redo-operations, valvular procedures, and MIDCAB (minimally invasive CABG). Further studies are required to assess whether this technique can be applied to all types of cardiovascular surgery.
The optimal site for left atrial pacing and the optimal mechanism for biatrial pacing has not been assessed in this study.
The withdrawal of ␤-blockers is not universally practiced, and it is standard practice in many institutions to continue them after surgery. Their withdrawal may increase the incidence of AF. However, biatrial pacing appears to be effective even in their absence. Furthermore, the percentage of patients taking ␤-blockers at baseline was not greater in those with AF compared with those remaining in SR for both groups (control: AF 52% versus SR 65%, biatrial: AF 55% versus SR 59%). However, the role of biatrial pacing combined with ␤-blockers requires further evaluation.
The increased number of complications in the control group may have been a chance finding rather than a genuine reduction from biatrial pacing. AF has consistently been shown to be associated with complications; however, it remains unclear which is cause and effect in this situation. It is possible that patients with AF are more prone to postoperative complications. Further studies are required to confirm our finding of a reduced complication rate with AF prevention.
Lead failures remain a constant problem and reduce the efficacy of this technique. The incidence of AF, however, was still lower with biatrial pacing even if there was lead failure compared with the control patients. With a dedicated and experienced surgeon, a failure rate of Ͻ10% should be achievable. Furthermore, our results, which showed a significant benefit, were analyzed by intention to treat and included a failure rate of 20%.
Holter episodes were chosen as the primary end point because Holter monitoring has been used in the majority of previous studies. A 1-hour duration of AF was selected to try and ensure clinical relevance. All bar 1 of the 28 clinical episodes (96%) were longer than this. Furthermore, with the use of the pacemaker Holters, there were 9 further AF episodes with a duration Ͻ1 hour (mean duration 26Ϯ17 minutes, biatrial nϭ5, control nϭ4), which were all asymptomatic. However, the importance of AF duration, its clinical detection, and its relation to complications in this setting are unknown. Therefore, any duration of AF is arbitrarily selected. However, our technique remains effective if we include all AF episodes regardless of duration (biatrial 23% versus control 45%, Pϭ0.009).
We were also reliant on a pacemaker Holter that has been validated previously as a permanent implant but not as a temporary device, as used in this study. However, of the 28 patients with clinical episodes of AF (81% of total), all correlated with information from our pacemaker Holter. In the remaining clinically undetected episodes, intracardiac electrograms stored in the pacemaker showed a fast, irregular atrial intracardiac signal consistent with the electrograms seen during the clinical episodes of AF. These were interpreted as AF. Atrial tachycardia or flutter was believed to be unlikely because of the irregular signal, and neither of these arrhythmias was observed clinically. There does, however, remain a small possibility of arrhythmia misclassification of these clinically silent episodes.
Conclusions
Biatrial pacing for 4 days significantly reduces the incidence of monitored and clinical episodes of AF after isolated CABG. This is associated with a significant reduction in postoperative complications. There was also a trend toward reduced ICU and hospital stay.
